Wear limits the lifespan of many mechanical devices with moving parts. To reduce wear, lubricants are frequently enriched with additives that form protective pads on rubbing surfaces. With first-principles molecular dynamics simulations of pads derived from commercial additives, namely zincphosphates, we unravel the molecular origin of how anti-wear pads can form and function. These effects originate from pressure-induced changes in the coordination number of atoms acting as cross-linking agents, in this case zinc, to form chemically connected networks. The proposed mechanism explains a diverse body of experiments and promises to prove useful in the rational design of anti-wear additives that operate on a wider range of surface materials with reduced environmental side-effects.
INTRODUCTION
Anti-wear (AW) additives are incorporated into motor oils to inhibit wear during periods of insufficient lubrication, such as cold-starts. The most common AW additives are zinc dialkyldithiophosphates (ZDDPs), which have the chemical formula Zn[S 2 P(OR) 2 ] 2 , where 'R' is an alkyl group. ZDDPs were originally used over sixty years ago and no superior AW additive has been developed for use on steel [1, 2] . Recently, considerable interest has arisen in replacing ZDDPs to meet modern environmental and technological requirements. Unfortunately, the rational design of new AW additives has been hampered by the lack of a basic understanding of how ZDDPs inhibit wear.
It is generally accepted that ZDDPs decompose under engine conditions to form zinc phosphate pads that limit asperity contact. Despite detailed experimental studies of the mechanical and chemical properties of the pads [1, 2] , the molecular-level processes relevant to their formation and function remain unknown. As a result, existing theories for ZDDPs do not offer reliable predictions nor do they account for much of the available experimental data. In general, these theories are based on thermally-activated surface chemistry, consider the pads to act merely as sacrificial riding surfaces and disregard the extreme pressures at points of intimate contact between surfaces, which can equal the theoretical yield strength of the surface materials for sub-nanosecond time-scales. However, the rapid formation rate [3] and increased stiffness of pads formed at points exposed to the highest loads [4] are suggestive of pressure-induced bulk effects.
Recently, on the basis of computer simulations, we have developed a new molecular-level theory for ZDDPs in which pressure-induced cross-linking is responsible for the formation and AW functionality of the pads [5] . This theory explains a diverse body of experimental observations and sheds light on the relevant processes involved wear inhibition, which may aid in the development of new AW additives. In the current study, we examine the effect of cross-linking on the structural and mechanical properties of zinc phosphates and relate these properties to the known behavior of ZDDPs on iron-and aluminum-based alloys.
COMPUTATIONAL METHODS
Car-Parrinello ab initio molecular dynamics simulations [6] were performed on bulk zinc phosphates. All calculations were performed within the framework of density functional theory using the GGA functional of Perdew, Burke and Ernzerhof [7] . Core electrons were treated with TrouillierMartins pseudopotentials and the valence states were expanded as a set of plane waves up to a kinetic energy cutoff of 120 Ry. Pressure was applied isotropically using a variable-cell approach [8] . The system was compressed at a rate of 10.0 GPa/ps from 0.25 GPa to a maximum value, p max , of 32.5 GPa. This value for p max was based on the theoretical yield strengths of typical aluminum (~7 GPa) and steel (~21 GPa) alloys. Once p max was reached, the pressure was decreased to 0.25 GPa at the same rate.
RESULTS AND DISCUSSION
The non-equilibrium equation of state for a system composed of one molecule each of Zn(PO 4 H 2 ) 2 and P 3 O 10 H 5 repeated periodically is shown in Fig. 1. Initially (point A) , the system was in a low density state with the structure given in Fig. 2A . When the pressure was increased to 6 GPa (point A1) the Zn atoms changed from a tetrahedral to a 'see-saw' geometry. This provides additional coordination sites at Zn, which allowed changes in bonding to occur. Multiple simulations showed that once pressures above ~4 to 6 GPa were achieved, the system was irreversibly altered such that extended cross-linking through the Zn atoms (Fig. 2B) existed upon returning to 0.25 GPa (point B). Thus, applying pressures greater than ~4 to 6 GPa induces cross-linking at Zn to transform a set of disconnected molecules into an interconnected network. Compressing from point B, the 'seesaw' Zn atoms were recovered at 4 GPa (point B1), followed by the transition to octahedral Zn atoms through the formation of two additional Zn-O bonds at 16 GPa (point C). This yielded a structure (Fig. 2C) where cross-links extended in all three directions from the Zn atoms, which persisted until the pressure was decreased below 5 GPa (point C1) when the Zn atoms returned to a tetracoordinate state. Upon decompression to 0.25 GPa (point C2), the system was found to adopt a structure similar to that in Fig. 2B . The data in Fig. 1 indicate that the bulk modulus, B, of the system changed abruptly at distinct pressures due the changes in the bonding at Zn. In the highly cross-linked state attained above 16 GPa, B was estimated as 145 GPa. This is lower than that of iron (170 GPa), which prevents the pad from abrading the surface. Furthermore, the increased strength of the pad above 16 GPa will reduce the peak pressures to which an underlying iron surface is exposed. This indicates that ZDDPs should be highly effectively on iron, which is true. Conversely, on aluminum, where ZDDPs are ineffective, p max is limited to ~7 GPa, preventing the transition to hexacoordinate Zn. However, the transition to 'see-saw' Zn at ~4 to 6 GPa does occur, and increases B of the pad to 85 GPa, which is greater than that of aluminum (70 GPa). Thus for aluminum, the pressure-induced changes in the mechanical properties of the pad will promote wear since the harder pad will abrade the softer surface. Indeed, this is observed experimentally.
CONCLUSIONS
The simulations indicate that the formation and functionality of ZDDP AW pads result from pressure-induced changes in the connectivity of the Zn atoms, which result in the formation of chemical cross-links. The observed pressureinduced processes are consistent with the rapid rate of pad formation. Furthermore, the changes in the mechanical properties of the pads account for their known degrees of functionality on materials with different theoretical yield strengths. Most importantly, the simulations shed light on key aspects of ZDDPs that will aid in developing new AW additives. Essentially, an effective AW additive will cross-link below pressures that can be achieved on the intended surface material, while being slightly softer than this surface material.
